During the last couple of decades considerable research efforts have been directed towards the synthesis and coating of iron oxide nanoparticles (IONPs) for biomedical applications. To address the current limitations, recent studies have focused on the design of new generation nanoparticle systems whose internalization and targeting capabilities have been improved through surface modifications. This review covers the most recent challenges and advances in the development of IONPs with enhanced quality, and biocompatibility for various applications in biotechnology and medicine.
Introduction
Nanoscale systems are powerful tools in biotechnology and medicine. They are ideal candidates to improve current clinical diagnostic and therapeutic techniques. Nanoparticles can be composed of several materials such as iron oxide, gadolinium oxide, cadmium selenide based quantum dots, and crystals of gold. [1] [2] [3] [4] [5] Among these, iron oxide nanoparticles (IONPs) have attracted significant attention, especially for biomedical applications, due to their properties like biocompatibility, low toxicity, stability, availability for surface modification, and higher relaxation values. [6] [7] [8] [9] [10] For in vivo applications, maghemite (Fe 2 O 3 ) and magnetite (Fe 3 O 4 ) forms of iron oxide have been commonly preferred for being metastable compared to other forms of iron oxide, and due to their capability to form a continuous solid solution together with each other. 11 However, protocols for synthesis are complicated due to the colloidal character of IONPs. The monodispersity, size, shape and surface properties all play crucial roles in the synthesis, as these properties influence the colloidal stability of nanoparticles significantly. Without any surface adjustment, IONPs tend to agglomerate due to their high surface area to volume ratio, and aggregation results in fast detection of nanoparticles by the immune system. To overcome aggregation and provide high colloidal stability, coating of IONPs has been usually considered. Coating is also a key task to eliminate the limitations associated with the utilization of IONPs in biomedicine. For instance, an appropriate coating material can result in dispersion of nanoparticles in a biological environment, and hence allows for further functionalization of the surface, improves compatibility in blood, prevents non-specific adsorption of plasma proteins on nanoparticles, and can retard degradation by macrophages. [12] [13] [14] [15] Moreover, uncoated
IONPs can get easily oxidized in air, resulting in loss of magnetism and colloidal stability. 16 Coating can be achieved through polymeric materials such as dextran, polyethylene glycol (PEG), polyvinyl alcohol (PVA), chitosan, and starch. 10, [17] [18] [19] [20] [21] Moreover, some inorganic materials such as gold and silica have been used for coating purposes. 22, 23 Recently, it has been found that nonpolymeric organic materials such as oleic acid, carboxylates and alkyl phosphonates can also be used for coating of IONPs. 23 IONPs smaller than 20 nm have superparamagnetic properties, and are known as superparamagnetic iron oxide nanoparticles (SPIONs). Superparamagnetism is crucial for many applications in biomedicine, because when an external magnetic field is removed, superparamagnetic materials do not retain any magnetism. Therefore, SPIONs have great potential for a variety of biomedical applications, such as early detection of inflammatory cancer and diabetes, magnetic resonance imaging (MRI), hyperthermia, gene therapy, stem cell tracking, tissue repair, and manipulation of cell organelles. 10, 11, [24] [25] [26] [27] [28] In addition to these applications, recent studies have demonstrated the promising role of surface functionalized SPIONs in targeted/site specific drug delivery. [29] [30] [31] The targeting capabilities of magnetic nanoparticles can be reinforced through immobilization of specific ligands on a surface, which is expected to promote the affinity of nanoparticles towards the sites of interest. These ligands are generally peptides, proteins, polysaccharides, antibodies, and aptamers. [32] [33] [34] [35] [36] Moreover, by selecting an appropriate ligand, internalization of nanoparticles by the targeted cells can be significantly improved. 37 In addition, intracellular delivery of therapeutic drugs could be achieved through the design of stimuli responsive coatings around nanoparticles. These new generation nanoparticle systems are superior over non-targeted approaches, hence these systems are expected to address current limitations of cancer therapeutics such as non-specific distribution of drugs in the body, undesirable side effects due to requirement of a large dose to obtain high local drug concentration, resistance of cancer cells to drugs, and non-specific toxicity.
Synthesis of IONPs
Synthesis of magnetic IONPs with desirable properties had long been a challenge for researchers. Researchers were mainly confronted with two challenges: the first one involved efforts related to the optimization of experimental conditions, which generated monodispersed particles with suitable size. The second difficulty was related to the development of a reproducible procedure, where complex purification steps such as ultracentrifugation, magnetic filtration or size-exclusion chromatography would be avoided. For the conditions where the product does not have homogenous composition or narrow size distribution, these kinds of further purification methods become necessary, because monodispersity, shape, and size are crucial factors that determine the clinical potential of nanoparticles. 10, 23 With significant progress, numerous techniques have been reported, where efficient synthesis resulted in stable, biocompatible, and monodispersed nanoparticle population. These techniques resulted in the development of high quality IONPs with controlled size and shape features. The most common methods for the formation of IONPs are co-precipitation of iron salts, microemulsion formation, hydrothermal synthesis, and thermal decomposition of iron precursors. Other techniques such as electrochemical synthesis, sonochemical reactions, sol-gel synthesis, and laser pyrolysis methods have been utilized over time to synthesize magnetic nanoparticles. [38] [39] [40] [41] In this review, co-precipitation, microemulsion, hydrothermal synthesis, and thermal decomposition methods for the synthesis of IONPs have been explained in detail and their features are compared in Table 1 .
Co-precipitation method
To produce IONPs, the co-precipitation method has been commonly preferred due to its simplicity and fast rate of production. ) ions have to be mixed in a 2 : 1 molar ratio, and precipitated by addition of a base. For efficient magnetite production, the pH of the solution should be between 9 and 14. The precipitated solution retains black color after the reaction. The overall chemical reaction for magnetite formation is as follows:
This reaction has to be conducted in an oxygen-free environment, because magnetite is not stable enough, and it is prone to remain in the oxidated state. 23 Magnetite is converted to maghemite in the presence of oxygen as follows:
In the presence of oxygen, magnetite (Fe 3 O 4 ) particles can also be converted into Fe(OH) 3 This oxidation/reduction preference of iron ions inevitably affects the physical and chemical properties of nanoparticles. Therefore, a precipitation reaction has to be conducted under an inert gas environment. For example, N 2 gas treatment of the reaction mixture or coating the nanoparticles during the precipitation process can prevent deterioration of Fe 3 O 4 . It is also observed that the reactions performed under an oxygenfree environment result in nanoparticles with smaller particle sizes. 16 By changing the type of salt used (such as chlorides, sulfates, nitrates, perchlorates, etc.), the ferric and ferrous ion ratio, the reaction temperature, the pH value of the solution, ionic strength of the media and size and shape of the nanoparticles can be controlled. 42 Although the co-precipitation method is easy, fast, and available for a large amount of production, it generates nanoparticles with a wide particle size distribution. To avoid the size polydispersity, many studies have been performed. For example, W. Jiang et al. reported a co-precipitation synthesis method, where they were able to control the size and homogeneity of nanoparticles produced. 43 Briefly, they manipulated the pH of the ferrite solution homogeneously by using urea. Before adding base to precipitate the iron salts in the solution, urea was decomposed by heating. Uniform pH distribution of the ferrite solution resulted in uniform particle size after precipitation. The mechanism of the reaction is as follows:
Decomposition of urea around 90 1C produces ammonia, and ammonia in water generates hydroxyl ions which increase the pH throughout the solution. For example, W. Jiang et al. altered the amount of urea decomposed to obtain monodisperse nanoparticle population, which resulted in controlled IONP size. 43 
Microemulsion method
The co-precipitation method generally generates polydispersed particles; hence, other techniques with more control over nanoparticle dimensions have been developed. The microemulsion method is one of the alternative methods generating IONPs with tunable size and distribution properties. Microemulsion is defined as a thermodynamically stable isotropic dispersion of two immiscible liquids in the presence of an appropriate surfactant. To synthetize IONPs with narrow size range and uniform physical properties, water-in-oil reverse micelles have been commonly employed. Sodium bis(2-ethylhexylsulfosuccinate) (AOT), cetyltrimethylammonium bromide (CTAB), and sodium dodecyl sulfate (SDS) have been commonly reported as surfactants used for the synthesis of IONPs in the literature. 23 Surfactant molecules create a monolayer at the interface of water and oil, where this monolayer is formed by dissolution of hydrophobic parts of surfactant molecules in the oil phase, and dissolution of hydrophilic groups in the aqueous phase (Fig. 1) . 16 In this method, an aqueous solution of iron salts can be dissolved in the core of the reverse micelle, and a precipitation reaction can be carried out inside the aqueous core. Hence, by controlling the aqueous micellar core size, the nanoparticle size can be adjusted. Gupta and Wells reported the synthesis of SPIONs with narrow particle size distribution by using AOT/n-hexane reverse micelles in a N 2 environment. 44 In this study, the size of the reverse micelle core was within the nanometer range, so SPIONs with small size (around 15 nm) with narrow size distribution were obtained. Vidal-Vidal et al. have reported the synthesis of SPIONs with a size distribution of 3.5 AE 0.6 nm with high magnetization values by using a microemulsion of cyclohexane/Brij-97/aqueous phase. 45 Although the microemulsion method provides relatively good shape control and size distribution, the potential toxicity of surfactants makes this process non-biocompatible. Also, the synthesized nanoparticles require further stabilization steps due to their aggregation and colloidal instability. 
Thermal decomposition
Another method to produce high quality IONPs with narrow size distribution and high crystallinity is thermal decomposition of organometallic precursors through organic solvents and surfactants. Common organometallic precursors reported in the literature included Fe(cup) 3 (cup = N-nitrosophenylhydroxylamine), Fe(acac) 3 (acac = acetylacetonate) and Fe(CO) 5 . 16 As surfactants oleylamine, fatty acids, oleic acid, hexadecylamine, and steric acid have been commonly utilized. 10 For example, Hyeon and coworkers applied a two-step process to generate SPIONs within the size range of 4-16 nm. 51 First, monodispersed maghemite at 100 1C by thermal decomposition of iron pentacarbonyl in the presence of oleic acid was obtained, next iron-oleic complex at 300 1C was aged, which resulted in the formation of high quality SPIONs at room temperature. Size and shape features of the produced SPIONs can be controlled by altering the reaction temperature, concentration of the reactants, solvent properties, and precursor type, and duration. 23 Since the thermal decomposition method results in highly monodispersed particles with a narrow size distribution, SPIONs generated by this method can be used in biomedical applications such as magnetic resonance imaging, magnetic cell separation or magnetorelaxometry. 52 This method generally requires relatively high temperatures and a complicated operation; however, its main disadvantage is the generation of nanoparticles that can be only dissolved in nonpolar solvents. 16 Sun and colleagues eliminated this limitation by transforming hydrophobic nanoparticles into hydrophilic ones through addition of bipolar surfactants. They produced monodisperse magnetite nanoparticles with particle diameter ranging from 3 to 20 nm by decomposing iron(III) acetylacetonate, Fe(acac) 3 , with 1,2-hexadecanediol in the presence of oleic acid and oleylamine. 12 Then, they added hexane a dispersion of hydrophobic Fe 3 O 4 nanoparticles into a suspension of tetramethylammonium 11-aminoundecanoate in dichloromethane to make them hydrophilic.
As a result, they obtained particles with superparamagnetic properties at room temperature with hydrophilic properties.
Coating of iron oxide nanoparticles within natural/synthetic polymers
The stability of IONPs has extreme importance for synthesis, storage and usage. Bare nanoparticles have the tendency to agglomerate and form clusters to reduce their large surface area to volume ratio. Therefore, surface coating is necessary to impart colloidal stability and prevent agglomeration. In addition, by selecting appropriate coating type, further functionalization and targeting can be achieved, and nanoparticles can be designed as soluble in biological media. Some of the desirable properties of coating materials have been known as: high chemical affinity of iron oxide core, non-immunogenecity, non-antigenecity, and protection from opsonization by plasma proteins. 36 Among the many different types of polymeric coating materials that have been utilized in the literature, we have focused on coatings with polyethylene glycol (PEG), polyvinyl alcohol (PVA), chitosan, and dextran in this review, as these polymeric materials have been most commonly used in previous studies (Fig. 2) . 53 
Polyethylene glycol (PEG)
PEG is a synthetic polymer, which is used frequently in nanoparticle functionalization due to the advantages it provides especially for biomedical applications. Firstly, it is a hydrophilic biocompatible polymer, therefore has the capability to be dissolved in water. The biocompatibility of PEG has been approved by the US Food and Drug Administration (FDA). 54 Secondly, many researchers have reported that PEG increases the biocompatibility of iron oxide nanoparticles, and eliminates fast blood clearance.
Therefore, it increases the blood circulation time of nanoparticles, which may be very beneficial in drug release applications. Moreover, PEG coating increases the internalization efficiency of nanoparticles into the cells. 55 Beside its excellent solubility and stability in aqueous solutions, it is also stable in physiological saline solutions. 23 The only drawback of coating with PEG is that it is not biodegradable in the human body and metabolic clearance of PEG has not yet been fully discovered. 56 Coating within PEG can be achieved either during or after the synthesis of nanoparticles. Studies have revealed that nanoparticles which are coated after the synthesis show better dispersion profiles than nanoparticles coated during the synthesis reactions. 57 Various methods have been reported in the literature for the coating of IONPs within polyethylene glycol. M. Anbarasu et al. have reported a facile route to synthesize PEG coated Fe 3 O 4 nanoparticles by a chemical co-precipitation method. 58 In this method, PEG was mixed with ferric sulfate and ferrous sulfate in the precursor, which was then precipitated together by addition of base. A. Masoudi et al. have reported a two-step approach consisting of IONP synthesis through a co-precipitation method, followed by PEG coating by adding a PEG solution to an iron oxide suspension and stirring for 24 hours via a mechanical stirrer. 59 C. Nazli et al. have reported the synthesis of PEG hydrogel coated IONPs through surface-initiated photopolymerization reactions. 31 In this method, IONPs were suspended in a prepolymer solution composed of PEG, accelerator, initiator and water, which was then exposed to green light by using an argon ion laser to conduct the photopolymerization reaction.
Polyvinyl alcohol (PVA)
PVA is another common coating material for biomedical applications due to several reasons. Firstly, it is hydrophilic and biocompatible. Secondly, it has low toxicity and prevents agglomeration of nanoparticles in the biological media. 23, 55 Additionally, synthesis methods that are carried out in the presence of PVA result in the formation of monodispersed particles. Moreover, due to the multi-hydroxyl structure of PVA, its crystallinity is enhanced, resulting in desirable thermo-mechanical properties such as high elastic modulus, crystallinity and tensile strength in bio-related applications. 55, 60 The most interesting fact about PVA is the protection of its elastic modulus even with high water content in applications such as hydrogels. Therefore, it is applicable to various interests from drug delivery to wound healing. 61 However, it has been demonstrated that PVA coated IONPs have limitations in tissue distribution and penetration. 14 Several methods have been reported in the literature for the successful coating of IONPs within polyvinyl alcohol. Similar to coating with PEG, PVA coating can be achieved either during or after the synthesis of nanoparticles. H. Pardoe et al. reported the coating of IONPs within PVA during the co-precipitation reaction by the addition of base. 62 On the other hand, many studies have reported a two-step approach to coat IONPs with PVA. M. Mahmoudi et al. have synthesized iron oxide nanoparticles through the precipitation of iron salts under an argon atmosphere, and coated them by adding the PVA solution (polymer to iron mass ratio of 2) with a reaction of 30 minutes at 35 1C and 3600 rpm. 63 Other studies have also used the same method with different reaction times, temperatures, PVA amounts and stirring rates.
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Chitosan
Chitosan is a cationic polysaccharide similar to cellulose in structure. It is composed of 2-amino-2-deoxy-h-D-glucan combined with glycosidic linkages. Due to primary amine groups, chitosan has been commonly preferred in pharmaceutical applications. It is also greatly preferred in drug delivery applications due to its mucoadhesive property and positive charge. Under basic or neutral pH conditions, chitosan is not water-soluble; however, in acidic pH amino groups are protonated, which make chitosan water-soluble. Chitosan is biocompatible, and does not elicit an allergic reaction. It is also biodegradable, where degradation products are nontoxic amino sugars. 23 Moreover, it has antimicrobial properties and absorbs toxic materials. Finally, it demonstrates adhesive properties and immuno-stimulating activity. 66 With these properties, it is suitable for affinity protein purification and magnetic bioseparation. Due to these features, IONPs coated with chitosan have been considered to be promising for various tissue engineering applications. 67 There are many studies on chitosan coating of iron oxide nanoparticles for biomedical applications. J. Castelló et al. reported the synthesis of 12 nm IONPs via a controlled co-precipitation method, and coated the particles with chitosan. 68 The results demonstrated that chitosan coated IONPs had superparamagnetic properties and they were suitable for biomedical applications. H. Shagholani et al. synthesized IONPs that were coated by chitosan and then modified the surface of the particles with PVA. 69 Due to its surface zeta potential value, this hybrid coating system had low protein adsorption and hence is promising for in vivo drug delivery applications and for clinical trials.
Dextran
Dextran is an important material for coating iron oxide nanoparticles, and has been used in fundamental applications such as MRI, cancer imaging and treatments. 11, 36 To date, dextran coating on SPIONs has been used in the MRI of liver, and clinically approved, as it prevents nanoparticle aggregation. 70 Dextran is a biocompatible material, but it is not degradable in the human body. The enzyme which degrades dextran, dextranase, cannot be not synthesized by human cell lines. 11 However, one of the main disadvantages of dextran coating is the weak bond of dextran with the IONP surface, which may influence the applications negatively. 36 Another concern about dextran is its adverse effect on compound tolerance resulting in limited infusion in a slow manner. 71 Various studies have been reported in the literature about the dextran coating of IONPs for biomedical applications. Josephson et al. synthesized monocrystalline iron oxide nanoparticles coated with dextran to improve the intracellular magnetic labeling of different target cells. 72 To crosslink dextran and prevent dissociation under certain biological conditions, IONPs were treated with epichlorohydrin. To allow further functionalization of the surface to attach targeting ligands, particles were also treated with ammonia. Results showed that derivatized particles were internalized into cells over 100-fold more efficiently than non-modified particles. 72 In another study, A. Jafari et al. reported the synthesis of dextran coated IONPs that were conjugated with bombesin to produce a targeting contrast agent for detection of breast cancer using MRI. 73 The synthesis of 6 nm dextran coated IONPs was done via a one step co-precipitation method in which dextran was mixed with the iron salts to be precipitated with ammonia addition. The results demonstrated that this system possessed good diagnostic ability in mice with breast tumors. 73 
Coating of iron oxide nanoparticles within non-polymeric materials
To provide colloidal stability and to prevent agglomeration of IONPs, non-polymeric coating materials have also been used in addition to polymers. Among the many different types of nonpolymeric coating materials reported in the literature, we have focused on coatings with silica and gold as these inorganic materials have been most commonly used in previous studies.
Silica
Silica is one of the most common inorganic material that is used to functionalize IONPs. 74 There are numerous advantages of silica coating for magnetite nanoparticles. First, silica prevents aggregation of nanoparticles, and improves the chemical stability of particles. Second, silica reduces the toxicity of nanoparticles, which will contribute to their biocompatibility. 23, 74 Moreover, silica possesses a hydrophilic structure, and hence helps in binding various biological ligands. Another advantage of silica in terms of processing is related to the facile functionalization of IONPs with silica. IONPs that are functionalized with silica are very promising in applications for catalysis, biolabeling, bioseparation, and some commercial applications such as ferrofluidics. 74, 75 However, the main limitation of coating with silica is that it is hard to obtain a uniform silica shell thickness. Unequal thickness gives rise to an irregular magnetic field, which causes uneven heating in hyperthermia applications. 76 Santra et al. used the water in oil microemulsion method to synthesize uniform sized IONPs with a diameter of 1-2 nm, and coated the particles with a thin silica layer of 1 nm to produce useful magnetic probes for the separation of target oligonucleotides. 77 Coating was achieved via the base-catalyzed hydrolysis of tetraethyl orthosilicate (TEOS) that produced silicic acid, which underwent a polymerization reaction and formed the silica coating. The study demonstrated successful attachment of DNA molecules onto IONPs. 77 
Gold
Gold-coated magnetic nanoparticles were first reported in 2001 by Lin et al. 78 Gold has been used to protect iron oxide cores against oxidation, where gold and iron oxide particles together generate particles with high colloidal stability. Gold coating may also be preferred since nanogold is well known for its optical properties. Therefore, gold coated iron oxide nanoparticles have been designed to strongly absorb light. 11 Gold is biocompatible, and has a high capacity for functionalization. These properties make gold particularly attractive for surface modification of IONPs. One drawback is related to the attenuation in magnetic property of IONP with gold coating, and difficulty in maintenance of coating due to the interaction of two dissimilar surfaces. However, gold-coated IONPs have been characterized as stable under neutral and acidic pH conditions. 67 52 These agents work by shortening the T 1 relaxation time (longitudinal relaxation time) of water in tissues.
On the other hand, superparamagnetic nanoparticles increase the diagnostic sensitivity and specificity due to their superior properties, such as higher molar relaxivities, and capability to shorten both T 1 relaxation time and T 2 transversal relaxation time. 81 The efficiency of these particles depends on their size, charge and coating properties, and can be improved through further modification of their surface with biologically active substances like antibodies, receptor ligands, polysaccharides, and proteins. 90 Although the contrast agent does not possess any targeting ligand on its surface, it can accumulate in tumor cells due to an anti-biofouling polymer that is thermally cross-linked with SPIONs (Fig. 3) . Coating layers on the nanoparticle increase permeability and retention effect, which provides efficient tumor detection. This new contrast agent can also deliver anticancer drugs to tumors with high efficiency. Therefore, utilizing this contrast agent as a drug-delivery carrier may be beneficial for both cancer imaging and therapy. In vivo studies on animal models proved that high amount of SPIONs accumulated within the tumor environment, and in vitro drug release kinetics showed that 60% of the drug could be released within 50 minutes. Cu chelators were conjugated onto the PEGylated SPIONs. The effectiveness of this system as an MRI contrast agent was tested by an in vitro MRI relaxivity measurement. Results showed that these new contrast agents could accumulate in tumor areas more than that of cRGD free forms, and the MRI relaxivity of agents was close to the Feridex relaxivity value (Fig. 4A) . Therefore, these multifunctional SPIONs can be both utilized for cancer therapy and PET/MR imaging. 91 Also, in vivo experiments showed that 64 Cu-labeled cRGDconjugated SPIO nanocarriers accumulated in the tumor area but not in normal tissues (Fig. 4B) . Results proved that this system could be promising for both tumor targeting and as a tumor contrast agent.
Photoacoustic imaging (PAI).
To visualize biological tissues in vivo, fluorescence and bioluminescence imaging are mostly utilized in the past few decades. However, these systems have a limitation reaching high spatial resolution and sufficient penetration depth simultaneously. 92 Photoacoustic imaging (PAI), also called optoacoustic or thermoacoustic imaging, is a promising new area that has the potential to overcome this limitation.
PAI is based on the photoacoustic effect, which was first reported by Alexander Graham Bell in 1880 by the realization of sound generated by light. 93 The photoacoustic effect here refers to the generation of ultrasound (acoustic) waves through the adsorption of electromagnetic energy by tissue chromophores, and these ultrasound waves produce images of tissues depending on the magnitude of the optical absorption. 92 By this technique, it is possible to achieve few centimeters depth with a scalable spatial resolution, which offers high contrast and high spatial resolution simultaneously. However, it was not until the last decade that the photoacoustic effect has developed extensively for biomedical applications such as imaging of breast, skin and the cardiovascular system. 93 In an ideal PAI, the optical absorption of the desired object has to be high for better image contrast and the optical absorption of normal tissues has to be low to achieve deeper signal penetration. 94 Many studies have been focused to find such contrast agents and to date these studies have reported two types of contrast agents classified as endogenous and exogenous agents. The most commonly studied endogenous agents are melanin and hemoglobin. 95, 96 Indocyanine green (ICG), gold nanoparticles, single wall nanotubes (SWNTs), quantum dots (QDs) and fluorescent proteins have been 
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reported as the most commonly used exogenous contrast agents.
94,97-100
The advantages of using endogenous contrast agents for imaging purposes are that they are safe and they are able to show true physiological conditions. Even though they are sufficient enough to visualize vasculature tissues, it is not possible to visualize non-vascularized tissues with endogenous agents. 92 Moreover, they are inadequate for the detection of early stage tumors. 94 Therefore, exogenous contrast agents (such as gold nanoparticles) are required for better photoacoustic imaging. However, most commonly used exogenous agents have limitations in achieving effective specific targeting. 92 At this point, gold-coated iron oxide nanoparticles are promising to couple photoacoustic imaging with magnetic resonance imaging and provide effective specific targeting. 101 In this method, the shell thickness and surface properties of IONPs have to be controlled precisely as they determine the magnetic attraction, near-infrared (NIR) absorption, photon scattering, and further biomolecular conjugation. 102 Many studies have reported direct coating of gold onto IONPs. [103] [104] [105] [106] [107] For instance, Ji et al. reported the synthesis, characterization, and use of hybrid nanoparticles with an iron oxide core and a gold nanoshell. 108 The resulting nanoparticles demonstrated superparamagnetic behavior and a significant absorbance in the near-infrared region, which is necessary for successful PAI. However, Jin et al. states that gold coating on IONPs generally produces particles that are larger than 100-200 nm in diameter with uneven surfaces, which negatively affects the NIR response. 102 Therefore, they recently reported the synthesis of superparamagnetic iron oxide nanoparticles that are coated with a gold shell by creating a gap between the core and the shell. 102 Results showed that nanoparticles have highly integrated properties, including electronic, magnetic, optical, acoustic and thermal responses. This approach produced a contrast agent that has excellent MR and PA imaging abilities and this method is named as magnetomotive photoacoustic (mmPA) imaging.
Cell tracking
Another application of IONPs is related to the specific cell tracking. To label and track cells in vivo, sufficient amount of magnetic nanoparticles should be loaded into the cell culture.
In that case, cell tracking can be achieved with a resolution approaching the size of the cell. This can be done by conjugating cell-permeable peptides or transfection agents onto the negatively charged surface of the nanoparticles. 23 To increase SPION internalization by cells, particles can be further functionalized with some specific peptides, which increase the cellular uptake, or they can be coated with dendrimers. 109, 110 This technology has been commonly used for stem cell tracking, and recently it has been used to track immune cells and (T) lymphocytes. 111 Lu et al. reported the synthesis of IONPs with diameters of 50 nm that were coated with silica. To label and track human mesenchymal stem cells (hMSCs), fluorescein isothiocyanate (FITC) was conjugated to the nanoparticle surface, and labeling was achieved by clathrin and actin-dependent endocytosis with subsequent intracellular localization in late endosomes/ lysosomes. 112 The results show that these bifunctionalized showed that T-cells were efficiently loaded and tracked with these superparamagnetic agents without compromising their normal activation (Fig. 5 ).
Bioseparation
Magnetic separation is highly used in biotechnology, and it is currently the most useful application of magnetic particles. Several magnetic particle types have been developed for this purpose, but new and advanced separation techniques, which can be used in the case of dilute solutions of targeted molecules, should be investigated. 116 During the last decade, SPIONs have been used for bioseparation of proteins and cells. Traditional separation techniques such as various chromatography systems and ultrafiltration are more complex and expensive than magnetic separation techniques. In addition, purification steps in the magnetic separation process with SPIONs can take place in one test tube which provides great simplicity over other procedures. 23 In the magnetic separation technique, affinity ligands towards targeted compounds are immobilized on a nanoparticle surface. Then, they are mixed with the sample, containing the targeted molecule, which will be purified or separated. After an incubation time, magnetic nanoparticles bind to the target molecule specifically, subsequently they can be easily removed from the sample using a magnetic separator (Fig. 6) . 116 The most important advantage of this technique is that, it can be applied directly to a crude sample, and effectively separate small particles. The most commonly used affinity ligands for protein isolation are streptavidin, antibodies, protein A and G, nitrilotriacetic acid, trypsin, and trypsin inhibitor. [117] [118] [119] [120] [121] [122] As a magnetic separator, a small permanent magnet can be sufficient, but stronger rare-earth magnets are also commercially available. 116 Fan et al. reported the synthesis of superparamagnetic g-Fe 2 O 3 nanoparticles via a site-exchange reaction for the isolation of avidin protein from its incubation solution. 123 Nanoparticles were protected with oleic acid, and were further functionalized with charged bipyridinium carboxylic acids and biotin. The presence of bipyridinium significantly improved the water solubility of nanoparticles, where biotin, known for its high affinity towards avidin, was introduced onto the surface of the nanoparticles. TEM results showed that functionalized nanoparticles had a very narrow size distribution with an average core dimension of 13 nm. Fluorescence spectra of avidin-FITC solution showed that avidin could be removed from its buffer with 96% efficiency. 123 Another example was published by Nagatani et al., wherein a new method for the transformation of cells, and selection of transformed cells by using magnetite cationic liposomes (MCLs)/DNA complex, was reported. In this study, magnetite cationic liposomes (MCLs) were associated with a plasmid vector, and then transformants were separated using a magnetic field. 124 
Magnetic fluid hyperthermia
Magnetic fluid hyperthermia (MFH) is one of the methods that are used for cancer therapy, where an alternating magnetic field to the delivered nanoparticles is applied. This magnetic field causes nanoparticles to get warmer and release heat. Therefore, tumor would be destroyed with released energy. The main function of the hyperthermia agent is to absorb the energy and convert it to a cytotoxic amount of heat, as tumor cells are View Article Online more prone to heat compared to healthy cells. 125 Hence, magnetic materials have great potential for the treatment of tumor cells, because they can be easily induced magnetically, and convert this magnetic energy to heat. Microwaves, sound waves and radio frequency can be used for magnetic induction of magnetic particles. 126 Superparamagnetic nanoparticles have magnetic moment that is free to fluctuate as a response to thermal energy due their single domain ground state, and this makes them very useful for hyperthermia treatment. The use of SPIONs is promising due to both their small size and unique magnetic properties. The Curie temperature, where a material magnetization transition from permanent to induced occurs, is almost hundred degrees for SPIONs. 127 However, due to biocompatibility issues, SPIONs are needed to be coated with materials such as polyethylene glycol, polyvinyl alcohol, chitosan, dextran and aminosilane. 55, 128 The first hyperthermia experiment with magnetic materials was done by Gilchrist et al. in 1957. In that study, 1.2 MHz magnetic field was applied to IONPs with size up to 100 nm. [129] [130] [131] First clinical trials were done by Jordan et al., where the treatment was successful at several tumor cases. 132 Specifically, the regional hyperthermia treatment was conducted clinically as a first trial on prostate cancer. 133 Later, Gordon et al. used microparticles of iron oxide that were doped with yttrium for MRI combined hyperthermia treatment for liver cancer. 131 In addition to MRI combined hyperthermia, drug release combined hyperthermia treatment was also considered by Hayashi et al. through the use of folic acid and beta cyclodextrin functionalized IONPs. 134 The drug was incorporated into the system (Fig. 7) through beta cyclodextrin using hydrophobic interactions. When the system was heated by applying high frequency magnetic fields up to 42-45 1C, the hydrophobic interaction between the drug and beta cyclodextrin was depressed, and the drug could be released. Hence, within this temperature range, both drug and hyperthermia treatments occur simultaneously. 134 However, hyperthermia has some limitations. First, hyperthermia is generally preferred as a local treatment instead of a regional treatment. Another limitation is related to temperature control. The treatment is only successful at a fixed temperature range of 42-45 1C for local hyperthermia. [129] [130] [131] Also, the released heat should only be applied to the targeted site rather than healthy cells. Therefore, optimizations related to the size and colloidal stability of nanoparticles are crucial for clinical success of the magnetic fluid hyperthermia therapy.
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Gene delivery
Gene delivery for therapeutic reasons can be achieved through viral or non-viral vectors. Viral vectors are not preferred commonly due to toxicity and severe immune response issues. Non-viral gene delivery platforms, such as needle and jet injection, hydrodynamic gene transfer, gene gun, electroporation, and sonoporation are not efficient enough to transfer the genes. [136] [137] [138] [139] [140] Gene therapy has been mainly used for diseases caused by genetic disorder, especially for several immune system diseases; e.g. chronic granulomatus disorder, severe combined immune deficiency, and neurodegenerative diseases such as Parkinson disease, Huntington disease, and in various cancer therapies.
141-150
The goal in gene delivery involves replacing or silencing the defective gene that causes the disease, where limitations are the delivery of gene to the targeted tissue or cell, and difficulty in observing the tissue response subsequently. 151 Recently, magnetic nanoparticles have been considered for in vitro or in vivo gene delivery. The approach, known as magnetofection, can be used by attaching therapeutic genes onto magnetic nanoparticles, where these nanoparticles are then targeted towards specific sites via high gradient external magnets (Fig. 8) . 26, 152 This particular system has two advantages in vivo; first, sedimentation is facilitated, and second, the specific area or tumor site can be targeted for gene delivery. Release of genes from the magnetic nanoparticles can occur either through enzymatic degradation or hydrolysis of the polymer coating around nanoparticles. 26 IONPs are promising for transfection of genes at targeted sites through magnetic induction with an external magnet. 153 Positively charged coating materials such as PVA, polyethylenimine (PEI) and chitosan have been generally used for coating to allow for the binding with negatively charged plasmids. 154 For example, Mah et al.
reported targeted delivery of DNA from magnetic nanoparticles, where adeno-associated virus (AVV), encoding green fluorescent protein (GFP), and a cleavable heparin sulfate linker have been used. 155 Both in vivo and in vitro results showed that this system provides higher effective concentration of the vector, and longer exposure time of the vector to target cells.
Drug delivery
One of the limitations in drug delivery is the absorption of hydrophobic drugs, where the other problem involves sitespecific targeting of the drug towards the diseased site. Targeted delivery is significant for improved efficacy and biocompatibility of the drug. Hence, the design of smart delivery vehicles for the release of drugs at targeted sites, and efficient absorption of the drug by specific cells will be critical improvements in therapeutics. Nanoparticle based drug delivery is enhancing growing field due to several advantages, such as small size of the particles and strong physical properties of the nanoparticles.
156
Depending on their size, nanoparticles can exhibit superparamagnetic behavior. Another crucial aspect of superparamagnetic nanoparticles is the lack of permanent magnetization. As a result of this property, nanoparticles can preserve their colloidal stability. 157 However, a certain level of magnetization is required for biomedical studies, so there is a trade-off between the minimum size to prevent agglomeration and having enough magnetization to respond to the magnetic field for an application. 157 Nanoparticles can easily diffuse into the peripheral tissue in the case of cancer with an enhanced permeation and retention (EPR) effect observed in mostly diseased tissues. 157 Increased number of leaky vasculatures is observed in most tumor cells to increase nutrient and oxygen transport towards the tumor environment. [158] [159] [160] The permeability of nanoparticles through leaky vasculatures can be utilized for the design of drug delivery vehicles. Nanoparticles can be loaded with therapeutic molecules through encapsulation, surface attachment or entrapment. 161 Another advantage in the use of nanoparticles is the reduction of multidrug resistance (MDR) that occurs in hydrophobic drugs. MDR is caused by the ATP binding cassette (ABC), an over-expressed transporter in cancer cells, and causes MDR by pumping hydrophobic drugs out of cancer cells. To overcome MDR, SPIONs are used with DOX conjugation as an example. Kievit et al. showed that DOX with SPION conjugation can be used to overcome MDR, and to increase the drug delivery efficacy. 30 For the delivery of magnetic nanoparticles, either magnetic force or passive targeting can be used. In passive targeting, the reticuloendothelial system (RES), a very important clearance system in the body, can be utilized. When bare nanoparticles are delivered into the body, they become vulnerable to the attachment of opsonins, plasma proteins that distinguish the non-self structures, and stick onto the surface opsonins due to their high surface tension. The attachment of nanoparticles on opsonins is mediated by nanoparticle size, shape, and agglomeration state, and surface charge. Nanoparticles larger than 250 nm are cleared easily from the blood stream through RES into the spleen.
157 Nanoparticles within the 10-100 nm range can be cleared by liver cells, whereas nanoparticles smaller than 10 nm are removed through renal clearance. 157, 162, 163 The optimal size range of nanoparticles for delivery applications has been noted as 10-100 nm, since the blood clearance time for this size range is higher compared to other sizes. 157 Active targeting includes the functionalization of nanoparticles by several targeting agents. 164 This is usually a multistep process including the adhesion of coating/targeting molecules to the structure, and loading of drugs. Loading can be achieved via several ways, such as covalent conjugation or physical adsorption. Nanoparticle stabilizers with desirable biocompatibility can be used for improved colloidal stability. Organosilane molecules with amine groups such as (3-aminopropyltriethoxysilane) APTES and APTMS have been widely used for various biological applications. 161 Other compounds, such as silica derivatives, are chemically inert; however, these compounds are relatively less stable under biological conditions, and hence have not been preferred for biological applications.
There are several studies including conjugation of drugs on superparamagnetic nanoparticles, especially iron oxide nanoparticles, to have functions of both imaging and drug delivery. SPIONs that are functionalized with reversibly bound drugs can be delivered to specific sites. 56 Basuki et al. reported the synthesis of 10 nm IONPs with excellent colloidal stability that is stabilized with functional polymers with a capability to attach DOX through a pH-responsive imine bond. 170 This bond cleaves in acidic media and makes the nanoparticle system suitable for potential release in a tumor environment. Results of IONP uptake and intracellular release of DOX in 2D and 3D cell models prove that this MRI negative contrast agent can be used for both diagnosis and therapy. Mashhadizadeh et al. reported the delivery of antibiotics such as ofloxacin and ciprofloxacin from APTES coated IONPs. 161 Laurent et al. developed starch derivative covered IONPs that can be functionalized with phosphate groups, and used in chemotherapy by targeting mitoxantrone to the tumor location. 23 In addition, other hybrid nanoparticle designs exist, where SPIONs and quantum dots have been used to achieve targeted delivery of an anti-cancer agent, camptomicin. 
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Recently, Kebede et al. reported the synthesis of an insulinloaded iron oxide-chitosan nanocomposite and investigated the potential of this system through oral delivery for the management of type II diabetes. 172 In vivo experiments showed that the insulin loaded iron oxide-chitosan nanocomposite can lower blood glucose levels more than 51% in mild diabetic, subdiabetic, and severely diabetic rats. Similarly, Shen et al. reported the synthesis of hybrid nanogels composed from SPIONs modified by chitosan and CdTe quantum dots. 20 Spherical hybrid nanogels, smaller than 160 nm, were used for insulin loading. These hybrid nanoparticles could be promising for both cell imaging and insulin delivery purposes. Specific targeting strategies can be used through the use of markers over expressed in cancer cells. For instance, breast cancer cells overexpress HER2 receptors, and several studies considered conjugation of anti-HER2 antibody on nanoparticles. 157, 173, 174 Folic acid has also been used for targeting
HeLa and MCF7 cells. 175 Tumor endothelial cells also express cell surface receptors for angiogenesis. 29 One target is a v b 3
integrin, which plays a key role in endothelial cell survival during angiogenesis. For SPION functionalization, researchers have exploited ligands such as the Arg-Gly-Asp (RGD) peptide to target a v b 3 integrin on cell surface, and increase the specificity of targeting cancer cells. 29 CREKA is another example that targets fibrin, found mostly around tumor areas for specific tumors. 176, 177 Beyond these applications, magnetic manipulation would be a choice to direct the magnetic nanoparticle conjugated drugs to the targeted site. One study representing this class is iron oxide nanoparticle conjugated paclitaxel usage to address stent limitations for adjusting drug dose. 178 
Tissue repair
To heal a particular wound in the body, tissues in the damaged site have to be joined and tissue union is generated by temperatures greater than 55 1C. 179 To heat the tissues, laser systems are currently used. However laser radiation inevitably leads to tissue necrosis in the applied area. 180 To diminish the tissue damage, ways to use least harmful wavelengths and low powered lasers have to be figured out. 11 The IONP usage method in tissue repairing applications is called soldering or welding. In this technique, two tissue surfaces are brought near, and then to increase the merging of the tissues, IONPs are placed in between, and required amount of heat is applied to the tissue-nanoparticle system. In tissue repairing with nanoparticles, it is desirable to use gold or silica coatings because of their strong absorbance of light. By this way, wavelengths that cause minimum harm to the tissues, and lower powered lasers can be utilized. IONPs are recently integrated into polymeric scaffolds to provide magnetic properties and to create scaffolds with improved mechanical and biological properties for tissue repair and regeneration. For instance, Kim et al. reported the synthesis of polycaprolactone scaffolds that is merged with IONPs for bone repair. 181 Results showed that these hybrid scaffolds had superparamagnetic properties and the addition of IONPs increased the mechanical stiffness, and improved the cell adhesion to the scaffold by 1.4-fold when it was compared with the pure PCL scaffold. 181 An increase in cell adhesion enables better cellular proliferation. Most importantly, cell mineralization (determined by calcium deposits quantification), which is required for bone regeneration, is significantly improved with the incorporation of IONPs.
Manipulation of cellular organelles
Magnetic manipulation of cellular organelles is desirable due to the applicability of the approach from a distance without any contact. 154 Nanoparticles must be functionalized with specific targeting agents for specific recognition by an organelle. Manipulating cell organelles is especially attractive, as it provides information about the cell function and signaling pathways. 154 Manipulation of cytoskeleton, lysosome and mitochondria through iron oxide nanoparticles has been explained in this review, as these organelles are commonly considered for targeting purposes in previous studies. The first example of organelle manipulation via IONPs is cytoskeleton manipulation. The structure of a cell is maintained by microtubule, which is the primary component of cytoskeleton. A signaling pathway called Ran/RCC1 regulates the cell cytoskeleton. Gueroui et al. conjugated the IONPs with a regulatory protein, RanGTP, and proved that by this way the Ran/RCC1 signaling pathway can be controlled. 182 Experiments are done with Xenopus laevis egg extracts, and results showed that when there was a magnetic field, orientation of the microtubule fibers was governed by the direction of this magnetic force. Lysosome is another organelle manipulated by IONPs. When lysosome membrane permeability increases over a particular value, this leads to cell death. Therefore, this may be utilized as an effective method to kill cancer cells. Rinaldi et al. synthesized 14 nm IONPs coated with the proteins, which recognize the epidermal growth factor receptor (Fig. 9) . 183 This growth factor is highly expressed in cancer cells, so that it is used to target nanoparticles to the cancer cells in the body. IONPs coated with target proteins were rapidly internalized in the lysosomes of cancer cells. Then, an alternating magnetic field is applied, and IONPs caused heating of the lysosomes. This eventually damaged the membranes of lysosomes, increased their permeability, and engendered cell death. 183 Another organelle that can be manipulated by IONPs is mitochondria. Mitochondria has very important roles in signaling, cellular differentiation, cell death and growth. 154 Therefore, manipulating the mitochondria may be the key step to treat many diseases including cancer. Choi et al. used 50 nm magnetite form of IONPs, and coated them with cytochrome c-specific binding aptamers. 184 When these particles were inserted in HeLa cells, they were targeted to mitochondria, and internalized rapidly.
In the presence of an external static magnetic field, the viability of the cancer cells reduced significantly. 184 
Other applications
Other than the applications explained above, magnetic iron oxide nanoparticles have been used as biosensors to detect proteins, cells, nucleotides and pathogens in a biological sample. [185] [186] [187] [188] Perez et al. reported a successful detection technique for green fluorescent protein (GFP) by using avidin conjugated SPIONs. 189 In this study, nanoparticles were first conjugated with avidin, and then the biotinylated anti-GFP polyclonal antibody was attached to the nanoparticle surfaces. Using this biosensor molecule, the authors were able to detect GFP less than 30 minutes in a dose dependent manner. 189 IONPs have also been considered for manipulation of cells during the past decade. Through functionalization of nanoparticles, a specific organelle of tumor cells, progenitor cells, or stem cells can be targeted. 154 It is also possible to label cells in vitro and/or in vivo with IONPs. For instance, Zharov et al. developed an in vivo approach, where circulating tumor cells View Article Online (CTCs) were captured in the bloodstream of mice. 190 IONPs were functionalized with amino-terminal fragment of urokinase plasminogen activator, since this ligand specifically binds to the receptors that are highly expressed solely in cancer cells. When these particles were implanted into mice, they rapidly bound to CTCs in the bloodstream, where they could be concentrated in the blood vessel near the skin with the use of an external magnet. In a separate study by Zharov et al. a second contrast agent was used to improve detection sensitivity and specificity, where gold-plated carbon nanotubes functionalized with folic acid were chosen due to the higher photoacoustic contrast of gold compared to that of IONPs at 900 nm.
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It is also possible to manipulate cells with magnetic force, after cells are labeled with IONPs. This approach is carried out in a cell culture medium, where magnetic forces have been used to levitate cells with the use of a magnet on the lid of a Petri dish to form 3D cell cultures. 154 The geometry of cell population can be arranged according to the direction of the magnetic field. This principle has been used to create 3D tissue without any scaffold. 191 Human mesenchymal stem cells (hMSCs) were labeled with magnetite cationic liposomes (MCLs). Next, they were implanted onto an ultra-low attachment culture surface, where a 4000 G magnet was placed on the reverse side of the dish. After 24 hour culture period, stem cells formed multilayered sheetlike structures (Fig. 10) . In vitro results demonstrated that stem cells could differentiate into osteoblasts, adipocytes, or chondrocytes. In vivo results showed that a new bone surrounded by osteoblast-like cells was formed, when after implantation of stem cells into the defective site in the crania of nude rats. 191 
Conclusion
In this review, we summarized the synthesis approaches, surface modifications, and applications of iron oxide nanoparticles in biotechnology and medicine. Use of IONPs in MRI, cell tracking, bioseparation, magnetic fluid hyperthermia, gene and drug delivery, tissue repair, and manipulation of cellular organelles has been discussed in detail. Even though significant improvements have been achieved with the use of IONPs, comprehensive studies are required with clinical trials and long-term toxicity studies. Future studies should also address the fate of the IONPs after in vivo implantation, such as the elimination route and retention time in specific organs.
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